As a means of examining the extent to which the polypeptide structure of a virus glycoprotein contributes to the overall structure and composition of the carbohydrate moieties, we have made a detailed comparison of the structure of the oligosaccharide moieties of wild-type vesicular stomatitis virus (VSV) glycoprotein with those of a glycoprotein-defective mutant of VSV, tl-17 (VSV). Characterization of the oligosaccharides by ion-exchange and gel filtration chromatography after sequential enzymic degradation reveals similar structures in the wt and mutant glycoproteins. However, the altered polypeptide structure of the tl-17 glycoprotein affects the extent of addition of sialic acid and fucose, both of which are added late in the maturation of the glycoprotein.
INTRODUCTION
Host cell glycosyl transferases are responsible for the synthesis of the oligosaccharide structures of enveloped virus glycoproteins. There is, however, little information regarding the extent to which the viral polypeptide specifies the overall composition and structure of the oligosaccharide side chains of virus glycoproteins. The following studies were initiated as a possible means to examine the contribution of the polypeptide structure of the virus glycoprotein in specifying the structure of the carbohydrate moieties.
A detailed analysis of the oligosaccharide structures of a glycoprotein-defective mutant of vesicular stomatitis virus (VSV), tl-17, was carried out in parallel with the glycoprotein from 'wild-type' VSV Indiana. The tl-17 (VSV) mutant was isolated by Zavada (1972) for resistance to anti-VSV serum. The envelope glycoprotein of VSV is the antigen which gives rise to and reacts with virus-neutralizing antibody (Kelley et al., 1972) . The altered antigenicity and thermal instability of the tl-17 glycoprotein have been utilized frequently in the study of phenotypic mixing of virus particles (Zavada, 1972; Love & Weiss, 1974; Schnitzer et al., 1977) . In order to locate and determine the effect of the mutation(s) on the glycosylation of tl-17 glycoprotein, both the tryptic peptide maps and the oligosaccharide structures of tl-17 and wt glycoprotein were compared.
Our data indicate that the same two sites on the glycoprotein polypeptide are glycosylated in the tl-17 mutant. We also found that whilst the oligosaccharide structures were similar, the altered polypeptide structure of the tl-17 glycoprotein affects the extent of addition of both sialic acid and fucose.
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METHODS
Most of the following methods, including growth and purification of virus, preparation and digestion of radiolabelled virus glycoprotein, digestion with proteases and glycosidases, and analyses by ion-exchange and gel filtration chromatography have been described in detail previously (Robertson et al., 1976; Etchison et al., 1977) .
Cells and virus. BHK-21 cells were grown as monolayers and HeLa cells as suspension cultures in Eagle's minimum essential medium (MEM) supplemented with 7% foetal calf serum (Flow Laboratories). VSV (Indiana) and the tl-17 (VSV) mutant (a gift from J.
Zavada) were propagated in HeLa cells and purified as described previously (Mudd & Summers, 1970; Grubman & Summers, 1973 Glycosidase digestion of tryptic glycopeptides and peptidyloligosaccharides. Tryptic glycopeptides and peptidyloligosaccharides were digested with 0-1 unit Clostridium perfringens neuraminidase (Sigma, type IV) in 0.01 M-phosphate buffer pH 5.3, or with Diplococcus pneumoniae neuraminidase in 50 mM-tris-HC1 pH 6.5, 1 mM-CaC12 for 16 h at 37 °C. Digestion with Aspergillus niger fl-galactosidase (78 IU/mg protein) or A. niger fl-N-acetyl-glucosaminidase (48 IU/mg protein) (both purified from Rhozyme HP-50 concentrate) were performed in 0-05 M-citrate-phosphate buffer pH 4.2, using 2 to 5 U/ml of enzyme and incubating at 37 °C for 24 to 48 h. Digestion with D. pneumoniae endo-fl-N-acetyl-glucosaminidase D (approx. 100 /~g) was performed in 0.05 M-citratephosphate buffer pH 6-5, at 37 °C for 24 h. [3H] arginine were applied to a 30 x 0-9 cm column of Beckman cation-exchange resin maintained at 57 °C and eluted with a 6 chamber gradient of 250 ml 0-05 M-pyridine acetate pH 3, 250 ml 0.5 M-pyridine acetate pH 4, 125 ml 0.5 M-pyridine acetate pH 5, and 125 ml 2 M-pyridine acetate pH 5.5. Fractions (3-5 ml) were collected, dried over a steam bath in a fume hood, redissolved in 1 ml water and radioactivity determined directly in Formula 950A scintillation fluid (New England Nuclear).
High resolution ion-exchange chromatography of tryptic peptides.
Ion-exchange chromatography of tryptic glycopeptides. The 13Hlglucosamine-labelled tryptic glycopeptides were analysed on a 20 x 0.9 cm column of DE52 anion-exchange cellulose (Whatman) equilibrated with 50 mM-tris-HC] pH 8.5, and eluted with a 300 ml gradient of 0 to 0.1 M-NaC1 in 50 mM-tris-HCl pH 8.5. Fractions (1.8 ml) were collected and radioactivity determined directly in Formula 950A scintillation fluid.
Gel filtration chromatography of peptidyloligosaccharides. Peptidyloligosaccharides were applied to a 150 × 0.9 cm column of Bio-Gel P6 (BioRad) and eluted with 0.1 M-ammonium acetate pH 6. Fractions (1.3 ml) were collected and analysed directly for radioactivity in Formula 950A scintillation fluid.
RESULTS

Comparison of the polypeptide moieties of wt and tl-I 7 glycoproteins
The glycoprotein-defective mutant tl-17 (VSV) was isolated from the Indiana serotype of VSV after three consecutive mutagenizations and selections for decreased reactivity with anti-VSV (Indiana) neutralizing antiserum (Zavada, 1972) . In addition to the decreased reactivity of the tl-17 isolate with neutralizing antiserum against the parental VSV strain, tl-17 exhibited an increased thermolability at 45 °C. To characterize the extent of alterations introduced into the polypeptide portion of the tl-17 glycoprotein, tryptic digests of the tL 17 glycoprotein were compared by high pressure column chromatography to those from 'wild-type' VSV (Indiana) (Fig. 1, 2) . Comparison of the elution profiles of the tryptic peptides of the two glycoproteins radiolabelled in their methionine residues (Fig. 1) did not reveal any differences in the methionine-containing peptides. Comparison of tryptic digests of the glycoproteins radiolabelled in their lysine or arginine residues showed several differences between the wt and tl-17 tryptic peptides (Fig. 2) . The majority of the separated peaks are common to both the glycoproteins. The relatedness of the two proteins can be defined by an 'overlap index' (o. 
Comparison of the oligosaccharide structures of wt and tl-17 glycoproteins
To determine in what way these differences affected glycosylation of the tl-17 glycoprotein, the structure of the oligosaccharide side chains of tl-17 glycoprotein was analysed by comparison of the peptidyloligosaccharides of wt and tl-17 glycoproteins (obtained by complete Pronase digestion) by gel filtration chromatography. The structure of the oligosaccharide moieties of glycoprotein from VSV (Indiana) grown in BHK cells has been determined previously (Etchison et al., 1977) . In addition, it has been determined that there are two such structures per glycoprotein molecule from virus grown in HeLa suspension cells (Robertson et al., 1976) .
Bio-Gel P6 gel filtration chromatography of tl-17 and wt peptidyloligosaccharides, and of the products obtained after sequential glycosidase digestion is shown in Fig. 3 . The multiple peak profile of the peptidyloligosaccharides (Fig. 3 a) arises from heterogeneity of sialylation of the branched structures, peaks So, S~ and S 2 corresponding to structures containing 3, 2 and 1 sialic acid residues respectively (Sefton & Keegstra, 1974; Etchison et al., 1977) . A comparison of the relative heights of the tl-17 and wt peaks indicates a greater sialic acid content in the peptidyloligosaccharides derived from tL17 glycoprotein. Also, the tl-17 peptidyloligosaccharides consistently eluted one fraction ahead of the corresponding wt species.
Removal of the terminal sialic acid residues with neuraminidase converted the peptidyloligosaccharides to the asialo S 3 form (Etchison et al., 1977) . The asialo tl-17 species peaked two fractions ahead of the wt species (Fig. 3 b) . A significant proportion (about 25%) of the tt-17 asialo-peptidyloligosaccharides eluted as a secondary peak or shoulder with a slightly larger apparent mol. wt. A small amount of radioactivity in both the tl-17 and wt samples peaked at fraction 95. The released sialic acid, which became radiolabelled by • --•, tl-17 tryptic peptides.
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2.5 6 4 2 1.5 metabolic conversion of the radiolabelled glucosamine, elutes from the P6 column at fraction 146. A greater proportion of the total radiolabel was released as sialic acid from the tl-17 peptidyloligosaccharides.
The peptidyloligosaccharides obtained after removal of the terminal sialic acid and the penultimate galactose residues are shown in Fig. 3(c) . The tl-17 asialo-agalactopeptidyloligosaccharides elute as a broad peak two fractions ahead of the wt sample. A small amount of radioactivity again elutes ahead of the main peaks in both samples at fraction 100.
The elution profiles of the peptidyloligosaccharides from which the sialic acid-galactose-N-acetyl-glucosamine 'branches' have been totally removed by digestion with a mixture of neuraminidase, fl-galactosidase and exo-fl-N-acetyl-glucosaminidase are shown in Fig. 3(d) . Both the tl-17 and the wt samples elute as non-symmetrical peaks with the tl-17 sample peaking four fractions ahead of wt. Note that the small shoulder on the 'heavy' side of the wt peak co-elutes with the tl-17 peak, whilst the shoulder on the 'light' side of the tl-17 peak co-elutes with the wt peak. This suggests the presence of the same two peptidyloligosaccharide species in differing proportions in the tl-17 and wt samples, the tl-17 sample containing slightly more of the heavier species, whilst the wt sample contains predominantly the lower mol. wt. species. The peak of radioactivity eluting at fraction 157 is free N-acetyl-glucosamine. The asialo-agalacto-aglucosamino-peptidyloligosaccharides were digested with D. pneumoniae endo-fl-N-acetyl-glucosaminidase D and the neutral oligomannosyl core product was separated from the peptidyl core product by passage through a small column of BioRad AG-1-X2 (formate) (Robertson et al., 1978) . The neutral oligomannosyl cores of wt and tl-17 peptidyloligosaccharides co-eluted from the P6 column as a single apparently homogeneous species (Fig. 3 e) . Thus, the difference in the elution profiles of tl-17 and wt peptidyloligosaccharides observed in Fig. 3 (a to d) must lie in the peptidyl core regions. The elution profile of the peptidyl core regions of tl-17 and wt peptidyloligosaccharides is shown in Fig. 3 (f) . Both tl-17 and wt samples co-elute as a double peak although the proportion of wt and tl-17 radioactivity in each peak differs. The tl-17 sample contains approx, equal amounts of the two species, whilst the wt sample contains more than 90% of the lower mol. wt. species. The peptidyl cores contain on average 2 to 3 amino acid residues including asparagine, one residue of N-acetyl-glucosamine and a fucose residue attached to the N-acetyl-glucosamine (Etchison et al., 1977) . The separation between the two peaks of the P6 elution profile in Fig. 3 (f) represents a difference in apparent mol. wt. of approx. 150 to 200 daltons. This difference could be accounted for by either heterogeneity of fucose residues attached to the peptidyl core or heterogeneity of the peptides remaining after Pronase digestion. Redigestion of these peptidyl cores with Pronase did not alter the elution profile (data not shown). Although digestion with bovine epididymus a-fucosidase also failed to alter the elution profile (data not shown) this may be due to the inability of this enzyme to hydrolyse ~ 1-6 linkages. We conclude then, in conjunction with previous observations 
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( Etchison et al., 1977) , that the two peaks in Fig. 3 (f) represent the presence or absence of a fucose residue in the peptidyl core region.
Comparison of the glycosylation sites of wt and tl-17 glycoproteins
The glycosylation sites of wt and tl-17 glycoproteins from virus grown in BHK cells were characterized by DE52 anion-exchange chromatography of the tryptic glycopeptides (Fig. 4) . The various tryptic glycopeptide species resolved by ion-exchange chromatography (Fig. 4 a,  c) are converted by neuraminidase into one or two major tryptic glycopeptides, TG I and TG II (Fig. 4b, d ). It has been demonstrated previously by this type of analysis that the glycoprotein of VSV from HeLa cells contains two glycosylation sites and that tryptic glycopeptides Ia, Ib and Ic are forms of TG I containing presumably 1, 2 and 3 residues of sialic acid respectively (see S z, S 1 and S o peptidyloligosaccharides of Fig. 3a) and similarly that tryptic glycopeptides IIa, IIb and IIc are sialic acid-containing forms of TG II (Robertson et al., 1976) . The tl-17 tryptic glycopeptides are richer in the sialic acidcontaining species than wt indicating the increased sialic acid content of tl-17 glycoprotein as was observed above. Note also the increased proportion of radioactive sialic acid released from tl-17 tryptic glycopeptides (Fig. 4b, d ). The data presented in Fig. 4 indicate that the same two sites on the tl-17 and wt glycoprotein are glycosylated. Fig. 5 shows individual analyses by ion-exchange chromatography of some of the sialic acid-containing tl-17 tryptic glycopeptides after digestion with neuraminidase. Tryptic glycopeptide Ic is converted to TG I with the release of some sialic acid. Similarly, tryptic glycopeptides lib and IIc are converted primarily to TG II with the release of sialic acid. However, the tryptic glycopeptide which was initially considered to be the IIa species on treatment with neuraminidase was converted primarily to TG I with very little radioactivity eluting at the position of TG II. This unexpected result suggested that the material which eluted from the DE52 column in the same position as IIa but which was converted to TG I on treatment with neuraminidase, contains an additional residue of sialic acid. This species, Id, would be a previously unrecognized form of the VSV oligosaccharide structure containing a fourth sialic acid residue. A lesser amount of tryptic glycopeptide Id was also present in the wt sample (data not shown). To test for the presence of a four sialic acid residue-containing structure in peak Id/IIa, several of the tryptic glycopeptide species, including Id/IIa, were digested with Pronase and analysed individually on a P6 column alongside wt peptidyloligosaccharides as marker (Fig. 6) . As expected, tryptic glycopeptides Ib, Ic and IIb after digestion with Pronase co-eluted with the S1 or So species of peptidyloligosaccharide indicative of their containing 2, 3 and 2 residues of sialic acid respectively. However, the Id/IIa tryptic glycopeptide peak after digestion with Pronase eluted as two species. Approx. one-third of the sample eluted in front of the So peak consistent with the presence of a fourth sialic acid residue. The remainder of the radioactivity co-eluted with the $1 peak, the two sialic acid-containing species. The slight shoulder on the 'light' side of this peak co-eluting with the $2 peak represents the small amount of tryptic glycopeptide IIa present in the original Id/IIa peak. The exact configuration of the four sialic acid residues in this structure is not known, though, it is possible that the additional sialic acid residue is present on a tetra-antennary structure. This implies the presence of an additional N-acetyl-glucosamine and galactose residue in a small percentage of the peptidyloligosaccharides. It is possible that the small shoulder of radioactivity which elutes at fraction 99 to 100, Fig. 3 (c) and fraction 94 to 95, Fig. 3 (b) represents such a tetra-antennary structure. As was mentioned above, a small 
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amount of this species is also present in the wt sample. The structure of the Id/IIa species which co-elutes with peak S 1 (Fig. 6 , Id/IIa sample) has not yet been determined.
Individual analysis of the two oligosaccharide side chain structures of wt and tl-17 glycoproteins
Further analysis of tl-17 glycosylation involved gel filtration chromatography of the two major (asialo) tryptic glycopeptides TG I and TG II before and after digestion with Pronase (Fig. 7) . Two important observations can be made from this analysis. Firstly, comparison of the individual elution profiles of Pronase-digested TG I and II (Fig. 7 b, d ) with the elution profile of total asialo-peptidyloligosaccharides (Fig. 3 b) indicates that the secondary peak of tl-17 asialo-peptidyloligosaccharides which elutes at fraction 99 (Fig. 3b) is derived solely from TG I. The size heterogeneity of tl-17 TG I is present before Pronase digestion and must arise from a feature of the oligosaccharide structure and not the peptide portion of the molecule. Secondly, the elution of Pronase-digested tl-17 TG II marginally ahead of the corresponding wt sample (Fig. 7 d) has been shown above to be due to the increased fucose content of tl-17 peptidyloligosaccharides. The elution of tl-17 TG II (not Pronased) from the P6 column behind wt TG II (Fig. 7 c) indicates that the peptide portion of tl-17 TG II must be smaller than in wt TG II. The elution of the tryptic glycopeptides from the P6 column suggests the presence of 6 to 8 amino acid residues in the peptide moieties. Thus, although the peptide moieties of tl-17 and wt TG II are identical by ion-exchange chromatography (Fig.  4b, d) , tl-17 TG II appears to contain 1 or 2 amino acid residues fewer than the wt species. J.s. ROBERTSON, .l.R. ETCHISON AND D. F. SUMMERS
DISCUSSION
In this report we have attempted to determine the extent to which glycosylation of an enveloped virus glycoprotein may be affected by alterations of the viral polypeptide structure. The evidence of Keegstra et al. (1975) and Sefton (1976) obtained with Sindbis virus and VSV implicates the involvement of both virus and host cell factors. Our study involved the detailed analysis of the glycosylation of a glycoprotein-defective mutant of VSV. In the gtycoprotein of tL 17 (VSV) analysis of the peptidyloligosaccharides indicates a high degree of structural similarity, the primary difference between these structures being the extent of addition of fucose and sialic acid, both of which are added late in the glycosylation process after protein synthesis is complete (Atkinson, 1975; Hunt & Summers, 1976) . The presence or absence of fucose was demonstrated directly by isolation of the peptide core product of the peptidyloligosaccharides after digestion with endo-fl-N-acetyl-glucosaminidase and careful analysis by P6 gel filtration chromatography (Fig. 3f) and provides a convenient method for the determination of the fucose content of this type of oligosaccharide structure. With a suitable gel filtration column, the extent of fucosylation can be approximated after removal of the branched sugars (Fig. 3 d) .
The increased sialic acid and fucose content and the appearance in small quantities of an additional branched structure in tl-17 oligosaccharide side chains may result from an altered configuration of the polypeptide backbone of tl-17 glycoprotein which could result in a partial unfolding. McCarthy & Harrison (1977) suggest that the carbohydrate moieties of Sindbis virus glycoprotein are partially buried in the surface lattice of the virus, possibly mediating protein-protein interactions. If this situation also applies to the glycoprotein of VSV then the 'loosening' of the tertiary structure of tl-17 glycoprotein in the neighbourhood of the carbohydrate moieties may be responsible at least in part for the thermal instability of tl-17 virus glycoprotein.
In this study we have also determined, by ion-exchange chromatography, that the same two glycosylation sites previously characterized in the glycoprotein of wt VSV (Robertson et al., 1976; Etchison et al., 1981) are maintained in the glycoprotein of tl-17 (VSV). Although the gel filtration analysis indicated a difference in the size of the peptide moieties of wt and tl-17 TG II (Fig. 7c, d ) the charge characteristics of the tryptic glycopeptides are a greater indication of the amino acid sequence and the size difference presumably reflects the loss of a neutral amino acid residue from tl-17 TG II. It has been demonstrated that glycosylation of VSV glycoprotein occurs on the nascent polypeptide (Rothman & Lodish, 1977) and the comparative configurations of the nascent tl-17 and wt polypeptides at the moment of glycosylation are not known. These data imply that a short amino acid sequence and/or the conformation surrounding the two Asp residues in the VSV glycoprotein, and presumably other structural membrane glycoproteins, provide a signal recognized by all or many eukaryotic cellular glycosylating mechanisms at which the complex oligosaccharide groups characteristic of that cell type are added.
Studies by Leavitt et al. (1977) and Gibson et al. (1978 Gibson et al. ( , 1979 have shown that the VSV G oligosaccharides may play an important role in maintaining the conformation of the G protein during intracellular processing. The glycoproteins of the San Juan and Orsay strains of VSV Indiana showed a differential ability to migrate to or be processed to the plasma membrane when glycosylation was blocked by tunicamycin treatment at 37 °C and 30 °C. In addition, the non-glycosylated G protein underwent aggregation at 37 to 38 °C while the glycosylated G did not. Recent studies on other VSV G mutants by Zilberstein et al. (1980) demonstrate varying effects of alterations in the polypeptide on the intracellular processing of the glycoprotein and the subsequent effects on the oligosaccharide moieties. Our results with the tl-17 mutant further emphasize the intricate role which the polypeptide conformation plays in 'determining' aspects of the oligosaccharide structure.
